The ability of cisplatin (cis-diamminedichloroplatinum II) toxicity to induce acute kidney injury (AKI) has attracted people's attention and concern for a long time, but its molecular mechanisms are still widely unknown. We found that the expression of transforming growth factor-b (TGF-b)-activated kinase 1 (TAK1) could be increased in kidneys of mice administrated with cisplatin. Autophagy is an evolutionarily conserved catabolic pathway and is involved in various acute and chronic injuries.
Autophagy is a highly conservative cell behaviour to maintain intracellular homeostasis and has largely entered the research spotlight only recently. 3 Autophagy may play a pro-death or a pro-survival role of cells. 4 A large amount of research have shown that autophagy is a double-edged sword involved in health and disease. 5 Whether autophagy protects or aggravates the renal damage in cisplatin-induced AKI is unclear.
Transforming growth factor-b (TGF-b)-activated kinase 1 (TAK1) is a serine/threonine kinase that plays a key role in regulating immune and intracellular signalling pathways. 6 It has been reported that TAK1 participates in regulatory mechanisms of acute injury in several tissue types. 7 TAK1 has also been implicated in oxidative stress, apoptosis and autophagy. 8 However, the role of TAK1 in response to cisplatin-induced AKI has not been investigated. Moreover, p38 and ERK, as TAK1 downstream kinases, 9 have recently been implied as involved in autophagy. 10 It has been reported that p38 MAPK signalling pathway was found to regulate Beclin 1 S90 phosphorylation that is essential for autophagy. 11 Activation of p38 MAPK pathway regulates the transcription of autophagy genes in response to oxidative stress.
12
ERK1/2 can phosphorylate G interacting protein (GAIP) and stimulate autophagy. 13 The results with Szu-ying Chen suggested the necessity of ERK for autophagic cell death. 14 Therefore, this study aimed to investigate if cisplatin activates TAK1, which phosphorylates p38 and ERK, leading to excessive autophagy of tubular epithelial cells that exacerbates kidney damage in cisplatininduced AKI.
2 | ME TH ODS
| Animals
The animal experiments were conducted according to the guidelines of laboratory animal care and were approved by the Institutional Animal Care and Use Committee of the First People's Hospital of 
| Measurement of renal function
Serum creatinine was measured using a creatinine assay kit (BioAssay Systems, Hayward, CA) according to the manufacturer's instructions. Blood urea nitrogen was determined fluorometrically as described. 15 
| Renal morphology
Kidney tissue was fixed in 10% buffered formalin, embedded in paraffin and cut at 4-lm thickness. After deparaffinization and rehydration, sections were stained with periodic acid-Schiff (PAS). Tissue damage was examined in a blinded manner and scored as reported in a previous study. 15 
| Immunohistochemistry
Immunohistochemical staining was performed on paraffin sections.
Antigen retrieval was performed with antigen unmasking solution (Vector Laboratories, Burlingame, CA). Slides were incubated with the primary antibody (TAK1, Abcam, Cambridge, UK) and appropriate secondary antibody for a suitable period of time after blocking.
Immunohistochemical staining was performed with the avidin-biotin complex (ABC) method according to the protocol of the Vector ABC kit (Vector Laboratories, Burlingame, CA). The images from these slides were acquired and analysed by NIS Element software with a Nikon microscope imaging system.
| Western blot analysis
Protein was extracted using RIPA buffer containing proteinase inhibitor cocktail and quantified with a Bio-Rad protein assay. An equal amount of protein was separated on SDS-polyacrylamide gels in a Tris/SDS buffer system and then transferred onto nitrocellulose membranes. Blotting was performed according to standard procedures with primary antibodies against LC3 I/II,P62, p38 and ERK overnight, followed by incubation with appropriate fluorescence-conjugated secondary antibodies. The proteins of interest were analysed using an Odyssey IR scanner, and signal intensities were quantified using NIH Image/J software. 
ÀDDCt
. The expression levels of the target genes were normalized to GAPDH levels in each sample. The primer sequences were as follows: TAK1-forward, 5
2.9 | Intracellular LC3 fluorescent spot detection or PD98059 (25 lmol/L in DMSO), or DMSO as a control 1 hours prior to exposed to 10 lg/mL cisplatin or sham control for 24 hours.
After treatment, 20 lL MTT solution (5 mg/mL, Biotopped, China) and 150 lL DMSO were added in sequence to the wells according to the instructions for kit and the absorbance was measured at 490 nm finally.
| Statistical analysis
The data are presented as the means AE SEM. The results were statistically analysed using a one-way or two-way analysis of variance (ANOVA). Comparisons between two groups were analysed by performed by Student's t test. P < .05 was considered statistically significant. pathway, where it functions in autophagy substrate selection and autophagosome biogenesis, which is the most widely used maker of autophagosomes. 16 The expression level of LC3II represents the level of autophagy. p62, one of the selective substrates for autophagy, interacts with and is degraded alongside polyubiquitinated proteins destined for autophagosomes. 17 Therefore, p62 protein levels decrease upon autophagy induction. 18 Western blotting analysis using antibodies against LC3II showed that the expression of LC3II Figure 6A,B) . | 2915 high curative effect and synergy with a variety of antitumour drug. 22 Nevertheless, the serious renal toxicity of cisplatin limits its clinical application. 23 The mechanism of renal damage induced by cisplatin is still unclear. TAK1 is located upstream of MAPK and IKB kinases. 24 A significant body of evidence suggests that the TGF-b signalling pathway mediates acute renal injury 25, 26 and that p38 and ERK, as members of the MAPK family, play a crucial role in autophagy. 20 Therefore, we hypothesized that TAK1 might regulate the p38 and TAK1 is an important signal transducer within cells and is essentially a serine/threonine kinase. The biological effects of TAK1 are involved in almost all aspects of cell function, including cell proliferation, differentiation, survival, apoptosis, autophagy and the inflammatory immune response. 27 Increasing evidence has manifested that TAK1 is widely expressed in multiple important organs and is involved in the pathophysiological processes of acute injury by regulating and mediating multiple signalling pathways 7, 28 In our previous study, we demonstrated that TAK1 mediated apoptosis in ischaemia-reperfusion of the kidney. 29 Ma FY found that TAK1 regulates inflammation and fibrosis in the obstructed kidney. 30 However, it is unclear if TAK1 plays a regulated role in cisplatininduced AKI and, if so, its molecular mechanism. In the present work, we have detected that the expression level of TAK1 was increased in the kidney of mice treated with cisplatin. Then, we examined the role of TAK1 in the kidney of mice following cisplatin-induced AKI using a specific TAK1 inhibitor. Our study shows that inhibition of TAK1 significantly reduces tubular damage in the kidney of mice following cisplatin treatment. These data strongly support an important role of TAK1 in the development of cisplatin-induced AKI.
Some evidence indicated that autophagy plays a protective role in diverse pathologies, including infection, cancer, acute and chronic injury, neurodegeneration, ageing and other diseases in the past years. However, emerging evidence indicated that the self-cannibalistic function may be associated with excessive cell death under certain conditions 31, 32 Therefore, more and more scholars described the role of autophagy in various pathophysiological processes as a double-edged sword. [33] [34] [35] [36] From the previous study, the autophagy was proved to be a protective role for AKI 37,38. However, Chien, Suzuki,
Inoue and colleagues suggested the role of autophagy in tubular cell death, which are consistent with our results. [39] [40] [41] Recent evidence also suggests that autophagy promotes the development of cellular | 2917
senescence, which contributes to renal ageing and promotes the progression from AKI to CKD. 42 Such controversy also proves that autophagy plays a double-edged sword in the pathogenesis of AKI.
Different trail methods and conditions, including stimulation methods, drug dosage, the duration of action would achieve the doublesided results of autophagy. Even in the study with Jiang M, 37 they F I G U R E 8 Up-regulation of TAK1 increases p38 and ERK phosphorylation of renal tubular epithelial cells with cisplatin treatment. A, Representative Western blots showed phosphorylation levels of p38 and ERK in vehicle or TAK1 overexpression plasmid pre-treated renal tubular epithelial cells of mice with cisplatin (10 lg/mL, 6 h) or sham in vitro. B, Quantitative analysis of p38 phosphorylation. ***P < .001 vs Sham Vehicle; +++ P < .001 vs TAK1 overexpression Cisplatin; # P < .05 vs Vehicle Cisplatin. n = 4 in each group. C, Quantitative analysis of ERK phosphorylation. ***P < .001 vs Sham Vehicle; +++ P < .001 vs TAK1 overexpression Cisplatin; # P < .05 vs Vehicle Cisplatin. n = 4 in each group. D, GFP-LC3 staining with TAK1 overexpression plasmid or TAK1 overexpression plasmid plus SB203580 pre-treated renal tubular epithelial cells treated with cisplatin (10 lg/mL, 6 h) or sham in vitro (Original magnification: 9100). E, Quantitative analysis of autophagosome with LC3 fluorescent spot (green). *P < .05 vs TAK1 overexpression Sham; + P < .05 vs TAK1 overexpression+ SB203580 Cisplatin; # P < .05 vs TAK1 overexpression Cisplatin. n = 4 in each group. F, Quantitative analysis of cells viability with TAK1 overexpression plasmid or TAK1 overexpression plasmid plus SB203580 pre-treated renal tubular epithelial cells treated with cisplatin or sham in vitro. ***P < .001 vs TAK1 overexpression Sham; + P < .05 vs TAK1 overexpression+ SB203580 Cisplatin; # P < .05 vs TAK1 overexpression Cisplatin. n = 4 in each group.
G, GFP-LC3 staining with TAK1 overexpression plasmid or TAK1 overexpression plasmid plus PD98059 pre-treated renal tubular epithelial cells treated with cisplatin (10 lg/mL, 6 h) or sham in vitro (Original magnification: 9100). H, Quantitative analysis of autophagosome with LC3 fluorescent spot (green). *P < .05 vs TAK1 overexpression Sham; + P < .05 vs TAK1 overexpression + PD98059 Cisplatin; # P < .05 vs TAK1 overexpression Cisplatin. n = 4 in each group. I, Quantitative analysis of cells viability with TAK1 overexpression plasmid or TAK1 overexpression plasmid plus PD98059 pre-treated renal tubular epithelial cells treated with cisplatin or sham in vitro. ***P < .001 vs TAK1 overexpression Sham; + P < .05 vs TAK1 overexpression + PD98059 Cisplatin; # P < .05 vs TAK1 overexpression Cisplatin. n = 4 in each group also found that autophagy indicators were significantly reduced in 3 days after cisplatin treatment. Moreover, in keeping with the dual anti-inflammatory and pro-inflammatory capabilities of autophagy as an innate immunity mechanism, basal autophagy keeps inflammasomes from being spuriously activated by intracellular triggers, but induced autophagy can augment inflammasome-dependent processing, which would be aggravated AKI. 43 Finally, the downstream signal pathway of TAK1 is complicated and interacted, 44 and the autophagy is also affected by cell transfection and inhibitor of signal pathways. All of these factors may affect the ultimate effect of autophagy in the pathogenesis of cisplatin-induced AKI.
It is worth mentioning that apoptosis contributed to excessive cell death in AKI is generally determined and some researchers indicated that apoptosis and autophagy are co-ordinated processes in the pathogenesis of AKI recently. 42 The dual role of autophagy under stimulating factor involves complicated crosstalk of autophagy and apoptosis. Autophagy can not only block the induction of apoptosis, but also help to induce apoptosis. Moreover, the interactions of different autophagy-and apoptosisrelated proteins also have common up-or downstream signalling pathways, which make the mutual regulatory mechanisms between apoptosis and autophagy remain complex. Generally, autophagy blocks the induction of apoptosis and inhibits the activation of apoptosis-associated caspase which could reduce cellular injury. 45 However, in special cases, autophagy or autophagy-relevant proteins may help to induce apoptosis, which could aggravate cell damage. 46 Therefore, it is not surprising that many scholars have drawn opposite conclusions about the role of autophagy in various acute injuries.
MAPKs play an important role in biological processes, including various types of cell death. 47 A large amount of evidence have indicated that p38 and ERK, the two important MAPK family members, are important upstream molecules in regulating mTOR activity and are necessary for the induction of autophagy. 48, 49 vom Dahl et al demonstrated that p38 played a key role in cell swelling-induced autophagy, and a specific inhibitor of p38 strongly decreased the volume of autophagosomes. 50 The research from Ponnusamy et al points out that specific inhibition of the ERK pathway could block autophagy in the pathogenesis of renal fibroblasts. 51 Furthermore, TAK1 is an important signalling pathway located upstream of p38
and ERK, which play critical roles in various types of physiological processes 52,53. Kim SI showed that TGF-b1 induced autophagy in mesangial cells via the TAK1-MKK3-p38 signalling pathway. 54 TAK1
is upstream of ERK and regulates the TNF-a-mediated activation of NF-jB, which is associated with inflammation. 55 Our data show that inhibition of TAK1 significantly decreased the levels of phosphory- 
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